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1. INTRODUCTION {#jimd12219-sec-0001}
===============

Cerebrotendinous xanthomatosis (CTX, OMIM \#213700) is a rare autosomal recessive disorder, characterised by chronic diarrhoea, xanthomas, cataracts, and neurological deterioration.[1](#jimd12219-bib-0001){ref-type="ref"}, [2](#jimd12219-bib-0002){ref-type="ref"} The estimated prevalence is \<5/100 000 worldwide.[1](#jimd12219-bib-0001){ref-type="ref"} CTX is caused by mutations in the *CYP27A1* gene, which encodes the enzyme cytochrome P450 27A1 (CYP27A1, EC 1.14.15.15).[3](#jimd12219-bib-0003){ref-type="ref"}, [4](#jimd12219-bib-0004){ref-type="ref"} CYP27A1 catalyses the hydroxylation of cholesterol and vitamin D3 and the conversion of bile acid intermediates.[5](#jimd12219-bib-0005){ref-type="ref"}, [6](#jimd12219-bib-0006){ref-type="ref"} In CTX patients, CYP27A1 is deficient, impairing cholesterol conversion into the bile acid chenodeoxycholic acid (CDCA) and cholic acid. This leads to increased concentrations of some cholesterol intermediates and cholestanol (Figure [1](#jimd12219-fig-0001){ref-type="fig"}).[7](#jimd12219-bib-0007){ref-type="ref"} Bile alcohol glucuronides are excreted in bile, faeces, and urine. Urinary electrospray ionisation mass spectrometry (ESI‐MS) analysis of the bile alcohol glucuronides (*m*/*z* 611, glucuronide‐5β‐cholestane‐tetrol; *m*/*z* 627, glucuronide‐5β‐cholestane‐pentol; *m*/*z* 643, glucuronide‐5β‐cholestane‐hexol) serves as an easy diagnostic tool for CTX, although profiles may differ among patients.[7](#jimd12219-bib-0007){ref-type="ref"}, [8](#jimd12219-bib-0008){ref-type="ref"}, [9](#jimd12219-bib-0009){ref-type="ref"}, [10](#jimd12219-bib-0010){ref-type="ref"}, [11](#jimd12219-bib-0011){ref-type="ref"} The diagnosis of CTX is further supported by elevated cholestanol concentrations in blood and confirmed by DNA sequencing of the *CYP27A1* gene. Early treatment with synthetic CDCA can prevent onset or reduce progression of symptoms in a subset of CTX patients.[12](#jimd12219-bib-0012){ref-type="ref"}, [13](#jimd12219-bib-0013){ref-type="ref"} However, the onset and severity of CTX is highly variable, and this may lead to delayed or missed diagnoses.[14](#jimd12219-bib-0014){ref-type="ref"}, [15](#jimd12219-bib-0015){ref-type="ref"}

![Effects of CYP27A1 deficiency on cholesterol metabolism. Physiologically, cholesterol is converted into cholic acid and chenodeoxycholic acid (CDCA). In case of complete CYP27A1 deficiency (shown in red), 5β‐cholestane‐3α,7α,12α‐triol is converted by 25‐hydroxylase to 5β‐cholestane‐3α,7α,12α,25‐tetrol and CDCA cannot be formed, reducing the negative feedback on cholesterol production and conversion. This reduced negative feedback leads to increased cholestanol and bile alcohol production and accumulation, which can be measured in blood (red tube in figure) and urine (yellow tube in figure), respectively. Bile alcohol glucuronides often observed in urine of CTX patients are glucuronide‐5β‐cholestane‐tetrol (*m*/*z* 611), glucuronide‐5β‐cholestane‐pentol (*m*/*z* 627), and glucuronide‐5β‐cholestane‐hexol (*m*/*z* 643)](JIMD-43-843-g001){#jimd12219-fig-0001}

Recently, we identified a urinary profile suggestive of CTX (*m*/*z* 627 and 643) in a boy undergoing surgery for an epidural hematoma (index patient 1). Despite the absence of clear CTX symptoms, therapy with CDCA was initiated to prevent onset of symptoms. However, the profile was normal in a second premedication sample and no pathogenic *CYP27A1* mutations were found. Similarly, a urinary profile suggestive of CTX was identified in a boy undergoing endoscopy for failure to thrive and diarrhoea (index patient 2), but plasma concentrations of cholestanol were normal. Aware of index patient 1 with an incidental abnormal urinary profile, prior urine and blood samples of index patient 2 were examined for bile acid metabolites and cholestanol, respectively. These samples all showed no abnormalities.

Both patients had received total intravenous anaesthesia (TIVA) with propofol from Fresenius (2,6‐diisopropylphenol) prior to urinary sampling. Propofol is a commonly used anaesthetic drug, and the pharmacological preparation contains various lipophilic constituents. Propofol is partly metabolised by cytochrome P450 enzymes. In vitro studies have shown that propofol is a potential inhibitor of CYP3A4 (EC 1.14.14.57),[16](#jimd12219-bib-0016){ref-type="ref"} CYP2E1 (EC 1.14.13.n7),[17](#jimd12219-bib-0017){ref-type="ref"} CYP2B1 (EC 1.14.14.1), and CYP1A2 (EC 1.14.14.73).[18](#jimd12219-bib-0018){ref-type="ref"} Although we could not find any report on potential CYP27A1 inhibition by propofol, recent studies have shown that among 131 tested FDA‐approved drugs (not including propofol), 14 were strong inhibitors of CYP27A1,[19](#jimd12219-bib-0019){ref-type="ref"} confirming earlier studies reporting pharmacological inhibition of CYP27A1.[20](#jimd12219-bib-0020){ref-type="ref"}

Based on these cytochrome P450 inhibitory properties, we hypothesised that propofol caused the abnormal urinary profiles seen in our patients by pharmacological inhibition of CYP27A1 activity, thereby mimicking genetic CYP27A1 deficiency (CTX). Because of the clear clinical relevance, we set out to investigate the role of propofol in inducing a urinary profile suggestive of CTX.

2. MATERIALS AND METHODS {#jimd12219-sec-0002}
========================

2.1. Urine and blood collection {#jimd12219-sec-0003}
-------------------------------

Urinary samples of 10 subjects were prospectively collected directly after TIVA with 7 to 10 mg/kg/h propofol (Fresenius Medical Care) for at least 2 hours during surgery for idiopathic scoliosis. For concentration‐effect estimation, urine was sampled repetitively in the 2 to 6 hours of TIVA in two subjects. Blood samples of two subjects were collected directly before and directly after TIVA with propofol. All samples were stored at −20°C until further analysis. Exclusion criteria were known disorders in cholesterol or bile acid metabolism. To evaluate the effect of direct excretion of propofol or other constituents of the propofol solution on bile acid profiling, urine from anonymous healthy controls was spiked with 0.025 mg propofol per millilitre urine.

2.2. Urinary bile acid analysis {#jimd12219-sec-0004}
-------------------------------

The diluted urine samples (30 μL urine and 470 μL MilliQ) were subjected to solid‐phase extraction (SPE) using Oasis Prime HLB (Waters). After loading of the samples, the column was washed with 500 μL methanol (5%). Bile acids were recovered from the cartridge by elution with 500 μL acetonitrile/methanol (90%). A volume of 2 μL was injected and analysed by flow injection analysis (flow rate = 0.15 mL/min) using 90% acetonitrile. ESI‐MS measurements in negative mode were carried out using an Acquity UPLC system, Xevo TQ‐S micro MS (Waters Co). In each run, a urine sample from a CTX patient (before treatment) was measured as a positive control. Subsequently, semiquantitative analysis of *m*/*z* 627 (corresponding to the major bile alcohol glucuronide excreted by CTX patients or isomers thereof)[7](#jimd12219-bib-0007){ref-type="ref"} was performed in a single run using a calibration curve with taurocholic acid (Sigma‐Aldrich Co.) and taurocholic acid‐D4 (Cambridge Isotope Laboratories) as internal standard.

2.3. Plasma bile acid analysis {#jimd12219-sec-0005}
------------------------------

Bile acids were detected in plasma as described by Bootsma et al.[21](#jimd12219-bib-0021){ref-type="ref"}

2.4. Plasma cholestanol analysis {#jimd12219-sec-0006}
--------------------------------

Cholestanol was measured in plasma as described before.[7](#jimd12219-bib-0007){ref-type="ref"}

2.5. Spectral binding assay {#jimd12219-sec-0007}
---------------------------

Human recombinant CYP27A1 was expressed and purified as described by Mast et al.[22](#jimd12219-bib-0022){ref-type="ref"} Propofol (Toronto Research Chemicals, Inc) and cholesterol (Steraloids, Inc) binding to CYP27A1 was analysed in vitro according to the method described by Lam et al,[19](#jimd12219-bib-0019){ref-type="ref"} using propofol concentrations of 20, 40, and 100 μM and cholesterol concentrations up to 3.0 μM.

2.6. CYP27A1 enzyme activity assay {#jimd12219-sec-0008}
----------------------------------

The effect of propofol (Toronto Research Chemicals) on cholesterol hydroxylation was tested as described by Mast et al[20](#jimd12219-bib-0020){ref-type="ref"} using 46 μM propofol and 2.3 μM cholesterol, the concentrations used to identify CYP27A1 inhibitors. To evaluate the effect of propofol on 5β‐cholestane‐3α,7α,12α‐triol conversion to 5β‐cholestane‐3α,7α,12α,27‐tetrol, the same experimental set‐up was used, using 0.01 μM human recombinant CYP27A1, 3.0 μM adrenodoxin, 0.05 μM adrenodoxin reductase (EC 1.18.1.6), and 2.3 μM 5β‐cholestane‐3α,7α,12α‐triol (Steraloids). Human recombinant CYP27A1, bovine adrenodoxin, and bovine adrenodoxin reductase were expressed and purified as described.[22](#jimd12219-bib-0022){ref-type="ref"}, [23](#jimd12219-bib-0023){ref-type="ref"}, [24](#jimd12219-bib-0024){ref-type="ref"} The assay for IC~50~ determination used propofol concentrations up to 1 mM for both cholesterol hydroxylation and 5β‐cholestane‐3α,7α,12α‐triol conversion.

2.7. Propofol exposure to human liver organoid cultures {#jimd12219-sec-0009}
-------------------------------------------------------

Human Lgr5+ cells were isolated from biopsies from livers of two healthy donors as previously described.[25](#jimd12219-bib-0025){ref-type="ref"} Use for our studies was approved by the Medical Ethical Committee of our hospital (STEM study). Liver stem cell organoids were passaged to fresh matrigel and cultured in expansion medium (EM) for 3 days, after which differentiation towards hepatocyte‐like cell was started by replacement of EM for differentiation medium (DM). DM was refreshed every 2 to 3 days and after 5 days, propofol (Fresenius) was added in a concentration of 0, 100, 300, or 900 μM. After 24 hours of incubation with propofol, organoids were harvested for messenger RNA (mRNA) analysis.

2.8. RNA isolation and qPCR {#jimd12219-sec-0010}
---------------------------

RNA was isolated from liver organoid cells using Trizol LS reagent (Invitrogen), and stored at −80C. Total RNA yield and purity were assessed using a Qubit RNA BR assay kit. cDNA was synthesised from 1 μg of RNA by performing reverse‐transcription with the iScript kit (Bio‐Rad Laboratories, Inc). mRNA abundance was determined by real‐time PCR using validated primer pairs with the SYBR Green master mix (Bio‐Rad; Appendix [S1](#jimd12219-supitem-0002){ref-type="supplementary-material"}, [S2](#jimd12219-supitem-0001){ref-type="supplementary-material"}, and Figure [S1](#jimd12219-supitem-0001){ref-type="supplementary-material"}). Quantification cycle (Cq) values for *CYP27A1* (Fw: GTGCTGCCTTTCTGGAAGCGAT, Rv: TAGCCAGACACCTGGATGCCAT) were normalised against reference gene HP1BP3 (Fw: CCCACGTCCCAAGATGGAT, Rv: CTGATGCACCACTCTTCTGGAA) and fold change was calculated using the 2^−DDCq^ method.

2.9. High resolution measurements {#jimd12219-sec-0011}
---------------------------------

SPE procedure was performed as described for bile acid analysis. A volume of 2 μL was injected in a direct flow of 0.15 mL/min (90% vol/vol acetonitrile) with a total runtime of 1 minute. Analyses were performed on an Ultimate 3000 UHPLC coupled to a Q‐exactive HRMS (both Thermo Scientific, Bremen, Germany). Optimal scan parameters using negative ESI at a resolution of 240.000 were established by infusing a mixture of cholic acid, taurodeoxycholic acid, and glycocholic acid. Scan parameters were an AGC target value of 5e^6^ and maximum injection time of 200 (ms). Spray voltage was 3 kV, Capillary temperature was 325°C and a factor of 40 was used for the S‐lens RF level. Full MS scans (negative mode) were performed in the mass range of 350 to 700 *m*/*z*. To achieve best mass accuracy, a customised mass calibration was performed using a mixture of glycine (2 mg mL^−1^) and ammonium formate (1 mg mL^−1^) in methanol/MilliQ water (70/30 vol/vol) and 0.1% formic acid. For this purpose, *m*/*z* of 74.02475 (C~2~H~5~NO~2~(‐H)), 171.03872 (C~4~H~9~N~2~O~4~Na(‐H)), 268.05270 (C~6~H~13~N~3~O~6~Na~2~(‐H)), 365.06667 (C~8~H~17~N~4~O~8~Na~3~(‐H)), 462.08064 (C~10~H~21~N~5~O~10~Na~4~(‐H)), 559.09462 (C~12~H~25~N~6~O~12~Na~5~(‐H)), 656.10859 (C~14~H~29~N~7~O~14~Na~6~(‐H)), and 753.12256 (C~16~H~33~N~8~O~16~Na~7~(‐H)) were analysed in negative mode.

3. RESULTS {#jimd12219-sec-0012}
==========

3.1. Subject and propofol exposure characteristics {#jimd12219-sec-0013}
--------------------------------------------------

Characteristics of included subjects (n = 12) and propofol exposure are presented in Table [1](#jimd12219-tbl-0001){ref-type="table"}. Mean exposure to propofol was 9 mg/kg/h for a mean duration of 5 hours.

###### 

Characteristics of included subjects and propofol exposure

  Study subjects                                       1     2     3     4     5     6     7     8     9     10    11    12    Average (±SD)
  ---------------------------------------------------- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ---------------
  Sex (male/female)                                    F     F     M     M     F     F     F     F     F     F     M     M     ‐
  Age (years)                                          14    14    16    9     10    9     16    18    6     13    15    4     12 (4)
  Weight (kg)                                          35    60    52    33    33    23    70    55    16    35    45    16    40 (16)
  Total propofol (mg\*10^3^)                           2.3   2.6   1.7   1.3   1.3   0.6   2.5   1.6   0.5   1.3   1.5   1.1   1.5 (0.7)
  Propofol per body mass (mg/kg)                       66    43    32    40    39    24    35    29    30    39    33    68    42 (14)
  Propofol per body mass per hour (mg/kg/h)            8     9     10    9     9     8     8     7     9     9     8     9     9 (1)
  Time from propofol start to last urine catch (min)   475   300   225   265   270   190   365   250   210   230   255   435   297 (93)

*Note*: Urinary samples were taken directly after TIVA with propofol. In subjects 7 and 8, characteristics are presented of the last of three and two sequential urinary samples, respectively.

3.2. Urinary bile acid analysis {#jimd12219-sec-0014}
-------------------------------

In our two index patients, a urinary profile similar to that of a CTX patient (Figure [2A](#jimd12219-fig-0002){ref-type="fig"}) was not seen under normal circumstances (Figure [2B](#jimd12219-fig-0002){ref-type="fig"}), but was seen after administration of propofol (Figure [2C](#jimd12219-fig-0002){ref-type="fig"}). Abnormal profiles were identified in all urinary samples collected after TIVA with propofol (Figure [2D](#jimd12219-fig-0002){ref-type="fig"}), similar to the urinary profile of a CTX patient (Figure [2A](#jimd12219-fig-0002){ref-type="fig"}). No evidence was found for direct excretion of propofol or other lipophilic constituents causing the abnormal *m*/*z* peaks as spiking of urine with propofol did not lead to an abnormal profile (data not shown). A trend could be observed correlating propofol dose per kilogramme and *m*/*z* 627 peak intensity (Figure [2D](#jimd12219-fig-0002){ref-type="fig"}). Interestingly, these intensities were up to 60 times higher than those found in untreated CTX patients. Repetitive urinary samples taken from two subjects during TIVA with propofol showed a clear increase of the *m*/*z* 627 peak intensity with increasing duration of TIVA with propofol (Figure [2E](#jimd12219-fig-0002){ref-type="fig"}).

![Propofol causes a CTX‐like urinary profile. Urinary profiles of a Cerebrotendinous xanthomatosis (CTX) patient (A), our second index patient under normal circumstances (B) and after receiving total intravenous anaesthesia with propofol (C). All study subjects showed urinary profiles suggestive of CTX, with relative intensity of *m*/*z* 627 comparable to or higher than an untreated CTX patient (D) and increasing after propofol administration (E)](JIMD-43-843-g002){#jimd12219-fig-0002}

3.3. Plasma cholestanol and bile acid analysis {#jimd12219-sec-0015}
----------------------------------------------

Cholestanol concentrations in plasma samples of two subjects were 3.9 and 2.9 μmol/L before and 2.9 and 1.0 μmol/L after TIVA with propofol, respectively. Similarly, bile acid profiles in these plasma samples remained normal after TIVA with propofol (data not shown).

3.4. CYP27A1 spectral binding {#jimd12219-sec-0016}
-----------------------------

We observed only a weak spectral response after addition of propofol to human recombinant CYP27A1 (Figure [3A](#jimd12219-fig-0003){ref-type="fig"}), 20 times lower than the large spectrum response seen after addition of a known substrate (cholesterol, Figure [3B](#jimd12219-fig-0003){ref-type="fig"}) and 10 times lower than the spectrum response seen after addition of a strong inhibitor (anastrozole, Figure [3C](#jimd12219-fig-0003){ref-type="fig"}).[20](#jimd12219-bib-0020){ref-type="ref"} This indicates that propofol binding to the haem group of CYP27A1 was absent or weak.

![Propofol is not a strong direct inhibitor of CYP27A1. Propofol induced only a weak spectral response in CYP27A1 (A) when compared with the spectral response induced by binding to CYP27A1 by a known substrate (cholesterol, B) and a strong inhibitor (anastrozole, C). Propofol had barely any effect on cholesterol hydroxylation (D) and triol conversion (E) activity, compared to the strong inhibition by anastrozole (F). Propofol did not influence *CYP27A1* expression in human liver organoids (G)](JIMD-43-843-g003){#jimd12219-fig-0003}

3.5. CYP27A1 enzyme activity {#jimd12219-sec-0017}
----------------------------

Inhibition of CYP27A1 activity by propofol was also very limited. Propofol induced a nonstatistically significant reduction of cholesterol hydroxylation to 92% (±3) and of 5β‐cholestane‐3α,7α,12α‐triol conversion to 91% (±1), whereas addition of anastrozole almost completely inhibited cholesterol hydroxylation activity under the experimental conditions used, even in lower concentrations (Figure [3D,E,F](#jimd12219-fig-0003){ref-type="fig"}). When trying to determine the IC~50~ concentration of propofol for cholesterol hydroxylation and 5β‐cholestane‐3α,7α,12α‐triol conversion, inhibition remained \<15% (Figure [3D,E](#jimd12219-fig-0003){ref-type="fig"}) despite propofol concentrations up to 1 mM, possibly due to limited drug solubility at these concentrations. Collectively, the spectral binding and enzyme activity results suggest that under our experimental conditions, CYP27A1 inhibition by propofol is virtually absent.

3.6. CYP27A1 expression {#jimd12219-sec-0018}
-----------------------

Exposure to propofol for 48 hours did not affect *CYP27A1* expression in liver organoids derived from two individual donors (Figure [3G](#jimd12219-fig-0003){ref-type="fig"}).

3.7. High resolution measurements {#jimd12219-sec-0019}
---------------------------------

The full MS scan of a urine sample extract of a patient with CTX showed a *m*/*z* 627.37532 and *m*/*z* 643.37012 for glucuronide‐5β‐cholestane‐pentol and glucuronide‐5β‐cholestane‐hexol, respectively. The differences between observed and theoretical mass for these species are 1.3 and 0.34 ppm, respectively. These accurate masses differed from *m*/*z* 627.24816 and *m*/*z* 643.24307 observed in a urine sample extract of a patient exposed to propofol. Mass differences observed between the two samples were approximately 200 ppm for both compounds. For identification with high resolution MS in metabolomics studies a mass error of 5 to 10 ppm is used.

4. DISCUSSION {#jimd12219-sec-0020}
=============

We have shown that TIVA with propofol invariably caused abnormal urinary profiles suggestive of CTX. Because CTX symptoms are variable and may occur later in life, this might lead to misdiagnoses and unnecessary treatment of patients.

Because the urinary profiles induced by propofol and genetic CYP27A1 deficiency showed comparable *m*/*z* peaks when measured with ESI/MS, we hypothesised that propofol would inhibit CYP27A1 activity. The mechanism of numerous pharmacological examples of CYP inhibition generally involves direct binding of the drug to the haem group of the CYP enzyme, resulting in two types of characteristic spectral changes in the Soret region of the visible spectrum.[20](#jimd12219-bib-0020){ref-type="ref"}, [26](#jimd12219-bib-0026){ref-type="ref"} However, we did not see evidence of binding to the haem group as propofol only induced a minimal spectral response in CYP27A1. Concurrently, propofol only weakly inhibited human recombinant CYP27A1 activity in vitro at high concentrations and we did not find evidence that propofol decreased *CYP27A1* expression in human liver organoid cells. In addition, we did not find abnormalities in cholestanol concentrations and bile acid profiles in plasma of the subjects receiving TIVA with propofol. We therefore reconsidered our hypothesis and performed high resolution mass spectrometry. These accurate mass measurements revealed that the *m*/*z* 627 and 643 peaks in the urinary profiles of our study subjects were not glucuronide‐5β‐cholestane‐pentol and glucuronide‐5β‐cholestane‐hexol, the substances that accumulate in CTX patients.

The *m*/*z* peaks induced by propofol must be the result of an in vivo mechanism, since direct excretion of propofol or other lipophilic constituents of propofol Fresenius did not cause the abnormal urinary *m*/*z* peaks, as evidenced by analysis of control urine spiked with propofol Fresenius. For intravenous use, propofol is dissolved in the lipid emulsion intralipid, consisting of refined soya‐bean oil, purified egg phosphatides, glycerol, oleic acid, sodium hydroxide, and water. Hypothetically, one of these additional substances could create the abnormal urinary profile. However, Intralipid is commonly used in parenteral feeding and although widely studied, there is no description in literature of (or personal experience with) Intralipid‐induced abnormal urinary profiles similar to those seen in our subjects. These findings suggest that the observed *m*/*z* peaks in our study subjects were induced by propofol through a yet undefined in vivo mechanism.

In conclusion, we have demonstrated that TIVA with propofol leads to urinary profiles suggestive of CTX when measured with ESI/MS. The clinical impact of our findings is clearly illustrated by our cases. Propofol is one of the safest and most commonly used anaesthetic agents and urethral catheterization during anaesthesia offers an opportunity for urinary sampling for metabolic screening. Misdiagnosis with CTX has significant impact, because CTX is a severe progressive disorder that requires lifelong expensive treatment. Due to the lack of precision of standard bile acid profiling, interpretation must be performed with caution. Therefore, upon observing an abnormal urinary profile suggestive of CTX after propofol administration, it is important to repeat urinary bile acid profiling without propofol interference, conduct additional measurements in the same urine by high resolution mass spectrometry, determine cholestanol concentration or bile acid profiles in plasma, and/or perform genetic testing.
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1 SENTENCE TAKE‐HOME MESSAGE {#jimd12219-sec-0028}
============================

Total intravenous anaesthesia with propofol leads to a urinary profile misleadingly suggestive of CTX, and necessitates additional investigation.
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